This review focuses on the importance of cortisol in mediating the inhibitory effects of psychosocial stress on reproduction in females. In particular, we have summarized our research in sheep where we have systematically established whether cortisol is both sufficient and necessary to suppress reproductive hormone secretion and inhibit sexual behaviour. Our findings are put into context with previous work and are used to develop important concepts as well as to identify productive further lines of investigation. It is clear that cortisol is necessary to inhibit some, but not all, aspects of reproduction in female sheep. These actions vary with reproductive state, and there are important interactions with gonadal steroids. The impact of cortisol on the tonic secretion of gonadotrophin-releasing hormone and luteinizing hormone has been investigated extensively, but less is known about the surge secretion of these hormones and their effects on sexual behaviour. Furthermore, there are separate effects of cortisol in the brain (hypothalamus) and at the anterior pituitary, illustrating that there are different mechanisms of action. Thus, although cortisol is important in mediating some of the effects of stress on reproduction, we need to look beyond cortisol and investigate some of the other mechanisms and mediators that relay the effects of stress on reproduction. In this regard, we propose that a group of neurons in the hypothalamus that co-synthesize kisspeptin, neurokinin B and dynorphin, termed KNDy cells, play important roles in mediating the effects of cortisol on reproduction. This hypothesis needs to be rigorously tested.
Introduction
Stress is commonly defined as a state of disrupted homeostasis or a threat to homeostasis caused by stimuli known as stressors. Stressors are many and varied and may include environmental extremes, trauma, immune and inflammatory reactions, altered metabolic demand and psychological challenges or pressures due to distressing events, or even simply coping with the trials of everyday life. Any of these stressors can affect reproduction in females by interfering with function at various levels including the brain, the anterior pituitary gland and the ovaries. The outcomes include inhibition of ovulation and sexual behaviour. The deleterious effects of stress on reproduction have far reaching implications for fertility in humans, production efficiency in livestock that provide food and fibre, and propagation of endangered species whose survival is threatened. The mechanisms and mediators by which stress leads to negative reproductive outcomes, however, are not well understood. Many mediators of the inhibitory effects of stress on reproduction have been proposed, including catecholamines, opioids, cytokines and hormones of the hypothalamicpituitary-adrenal (HPA) axis. As a hallmark of stress is activation of the HPA axis with increased synthesis of glucocorticoids, these steroids have been the subjects of extensive research to determine whether they inhibit reproductive function. In most mammalian species, the principal glucocorticoid synthesized when the HPA axis is activated is cortisol, whereas in rodents and avian species, it is corticosterone.
In addition to stress-induced increases in glucocorticoids, there are clinical conditions in humans, and some animals, in which the concentrations of cortisol are pathologically high, and this is associated with reproductive dysfunction. These conditions include Cushing's syndrome (Bertagna et al. 2009 , Spencer & Tilbrook 2011 ), Cushing's disease (Bertagna et al. 2009 , Spencer & Tilbrook 2011 , obesity (Berga et al. 1997) , metabolic syndrome (Berga et al. 1997) , functional hypothalamic amenorrhoea (Sapolsky et al. 2000) , hyperthyroidism (Breen & Karsch 2004) , diabetes mellitus type II (Berga et al. 1997) , hypertension (Berga et al. 1997 ) and major depression (Berga et al. 1997) .
Thus, the need to understand how glucocorticoids affect reproduction extends beyond stressful events, although stress is pervasive in our society, farming systems, zoos and wildlife.
Although there has been a vast amount of research on the role of cortisol as a mediator of the effects of stress on reproduction, much of this has been inconclusive and controversial, and a systematic coordinated approach had not been performed in any species. To address this, we developed sheep models of psychosocial stress, which is a prevalent type of stress in today's society and in animal populations. We have (1) characterized the impact of this stress type on HPA activation, (2) dissected separate disruptive actions of this stress on reproductive neuroendocrine function at the hypothalamic and pituitary levels, and (3) determined whether such stress interferes with various reproductive behaviours in a way that decreases the likelihood that animals will mate. With these findings in hand, we next tested whether the rise in cortisol secretion induced by psychosocial stress mediates the negative reproductive outcomes. We utilized powerful in vivo models and a systematic and coordinated approach to determine whether cortisol is both necessary and sufficient to account for disruptive effects of psychosocial stress on secretory profiles of gonadotrophin-releasing hormone (GNRH), responsiveness of the anterior pituitary gland to GNRH and reproductive behaviours. Based on the results, we put forward the novel proposition that a group of neurons in the hypothalamus that co-synthesize the neuropeptides kisspeptin (KISS), neurokinin B (NKB) and dynorphin (DYN), and that has been termed "KNDy" cells, play important roles in centrally mediating the inhibitory effects of cortisol on reproduction.
This review highlights key aspects of our research with sheep and puts our findings into context with previous work in the field. In this review, we develop important concepts as well as identify productive further lines of investigation to address how stress limits reproduction.
Neuroendocrine regulation of reproduction in females
The endocrine regulation of reproduction in mammalian females has been extensively reviewed in and is well understood (Goodman 2014) . We have studied sheep in which the neuroendocrine regulation of reproduction has been characterized in detail (Goodman 2014) . Reproduction is controlled by the brain where GNRH, synthesized by neurons, is secreted from axon terminals in the median eminence of the hypothalamus directly into the pituitary portal system and is transported to the anterior pituitary gland. There it stimulates the synthesis and secretion of the gonadotrophins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH). The pattern of secretion of GNRH is critical for function.
A pulsatile pattern ensures appropriate secretion of LH and FSH for ovarian function during most of the follicular and luteal phase (referred to as tonic secretion), and a surge in GNRH secretion at the end of the follicular phase ultimately induces ovulation. GNRH also stimulates some aspects of sexual behaviour. The pattern of secretion of LH, in particular, is tightly coupled to that of GNRH, in both pulsatile and surge patterns. Normal ovarian function includes production of gametes and hormones, such as the steroids oestradiol and progesterone. The sex steroids are essential for normal reproductive function and act as feedback regulators of GNRH and gonadotrophin secretion and as stimulants or inhibitors of sexual behaviour.
Our strategy to investigate the impact of cortisol on secretion of GNRH and LH and behaviour has been to systematically establish whether cortisol is both sufficient and necessary to suppress reproductive hormone secretion and inhibit sexual behaviour. An essential element of this strategy has been the use of an in vivo neuroendocrine model in female sheep that allows full quantification of reproductive hormone secretion from the brain to the gonad, the ability to map the specific neuronal populations and pathways that control neuroendocrine function, and to quantify sexual behaviour.
To this end, we developed models and novel techniques that enabled complete dissection of each locus with potential to mediate the effect of cortisol on reproduction. These include the hypophyseal portal sampling technique, the pituitary clamp model, the artificial follicular phase model and the layered stress paradigm. The portal sampling technique is one critical aspect of our approach. This unique ability allows collection of multiple samples from the pituitary portal blood system in unanaesthesized animals to quantify the dynamics of the secretion of GNRH. This is the only approach that can be used to quantify the effects of cortisol on the output of the brain essential for reproduction (i.e., the GNRH secretory profile), as we have done (Oakley et al. 2009a,b) . Together with the other approaches, it thereby provides a complete picture of the effects of cortisol on every aspect of the hypothalamic-pituitary unit governing reproduction. In the pituitary clamp model, endogenous GNRH and LH secretion is inhibited by the strong negative feedback effects of oestradiol during the non-breeding season and then the secretion of LH is re-established by injecting a fixed dose of GNRH at regular intervals. This model allows direct actions at the anterior pituitary to be examined. Disruption of the fixed pattern of secretion of LH in response to the injections of GNRH indicates actions that affect the responsiveness of the anterior pituitary to the actions of GNRH. In the artificial follicular phase model, the secretory patterns of reproductive hormones of the oestrous cycle are established in ovariectomized ewes through the systematic treatment with progesterone and oestradiol (Breen & Karsch 2004) . GNRH and LH surges are induced, as well as sexual receptivity (oestrus) (Goodman et al. 1981 , Moenter et al. 1990 , Evans et al. 1996 , 1997 , Wagenmaker et al. 2009 , Papargiris et al. 2011a .
Role of cortisol in influencing the impact of stress on tonic secretion of GNRH and LH
Using these techniques, we tested whether cortisol, either given exogenously or elevated by psychosocial stress, was sufficient and/or necessary to suppress tonic GNRH secretion and tonic LH secretion in the presence and in the absence of gonadal steroids. In the first of these experiments, it was imperative to demonstrate that cortisol, in the absence of gonadal steroids, was sufficient to inhibit pulsatile secretion of LH. Cortisol was administered to ovariectomized ewes at two levels that evoked stress-like circulating cortisol concentrations of ~75 or ~150 ng/mL (Breen & Karsch 2006b ). Both doses of cortisol rapidly suppressed pulsatile LH release in a dose-dependent manner. At ~75 ng/mL cortisol, mean plasma LH was decreased by 28% due to a 42% decrease in pulse amplitude and at ~150 ng/mL LH was suppressed by 45%, reflecting a 56% decrease in pulse amplitude. These effects were rapid and occurred within 1-2 h of cortisol administration. These findings in conjunction with a follow-up study showed that stresslike concentrations of cortisol were sufficient to suppress LH pulse amplitude (Breen & Karsch 2006a) .
With the sufficiency of cortisol to suppress LH secretion established the next step was to determine the neuroendocrine loci responsible for this suppression. Pituitary portal blood and peripheral blood were collected from ovariectomized ewes at 10-min intervals for 6 h before and 6 h during constant infusion of either cortisol or a vehicle (Breen & Karsch 2006a) . The cortisol infusion rate resulted in a plasma cortisol concentration of ~150 ng/mL. These studies showed that although cortisol suppressed pulsatile LH secretion, it had no effect of GNRH secretion. These findings established the hypothesis that cortisol acts to suppress LH secretion by reducing the sensitivity of the anterior pituitary gland to GNRH rather than by reducing GNRH secretion. This hypothesis was confirmed in a second study, using the pituitary clamp model, where endogenous GNRH pulses were blockaded with oestradiol and GNRH was administered by hourly GNRH injections (Breen & Karsch 2006a) . Once again, cortisol administration suppressed LH secretion whereas vehicle did not, confirming that a reduction in pituitary sensitivity to GNRH mediates the effect of cortisol on LH secretion in ovariectomized ewes.
We had now demonstrated that cortisol is sufficient to suppress LH secretion in ovariectomized ewes, and that in the absence of gonadal steroids, cortisol acts by reducing the sensitivity of the pituitary to GNRH. Nevertheless, it was not known which of the glucocorticoid receptors were implicated in this effect. In another series of experiments, it was established that the effects of cortisol on LH secretion could be attenuated by blockade of the type II glucocorticoid receptor with RU486 (Breen & Karsch 2004 , Breen et al. 2004b . In these experiments, pituitary portal blood and peripheral blood were collected every 10 min for 13 h; after 6 h, ewes were administered the type I glucocorticoid receptor antagonist Spironolactone or a type II glucocorticoid antagonist RU486 or a vehicle. After 1 h, cortisol infusion commenced and GNRH and LH pulses were measured for the final 6 h. Only in the presence of RU486 were the effects of cortisol on LH secretion attenuated, thus confirming that the type II glucocorticoid receptor mediates the effect of cortisol on LH secretion in the absence of gonadal steroids. Collectively, these experiments demonstrated that cortisol is sufficient and necessary to suppress LH secretion in the absence of gonadal steroids and that this effect was mediated through type II glucocorticoid receptors in gonadotropes.
The effects of cortisol described above, mediated at a pituitary level by type II glucocorticoid receptors, were seen when cortisol was infused at a rate that mimics stress-like concentrations. The next set of experiments aimed to determine whether this was also the case when cortisol was elevated due to psychosocial stress. A layered stress paradigm was developed in which sequential hourly application of individual stressors such as social isolation, restraint, blindfolding and exposure to predatory cues results in a reliable elevation of plasma cortisol to ~70-80 ng/mL (Breen et al. 2007 ). The layered stress paradigm was applied in ovariectomized ewes over a series of experiments. The first of these showed that when cortisol was elevated by psychosocial stress, it had the same effect on LH secretion as when it was infused (Breen et al. 2007) and that this effect was mediated at the anterior pituitary by reducing the sensitivity of the pituitary to GNRH (Breen et al. 2007) . Further investigation using this model demonstrated that when RU486 was administered in concert with the layered stress paradigm, the effects of cortisol on pituitary sensitivity were attenuated. The studies by Breen and coworkers employed the pituitary clamp model, which was effective in determining that psychosocial stress affected the pituitary (Breen et al. 2007 ). It did not, however, provide information about the effect of psychosocial stress on GNRH secretion. Therefore, Wagenmaker and coworkers employed the layered stress paradigm and measured endogenous GNRH production and LH secretion during psychosocial stress in ovariectomized ewes (Wagenmarker et al. 2009 ). This approach showed that although RU486 attenuated the effects of cortisol on LH secretion at the level of the pituitary, it did not unambiguously R4 C R Ralph and others
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Although these experiments demonstrated that during psychosocial stress cortisol is sufficient and necessary to supress tonic secretion of LH in ovariectomized ewes at the pituitary level, but not at the hypothalamic level, the ewes were devoid of ovarian steroids. Combining these data suggested (1) that there may be other aspects of the stress response that can influence GNRH release in the brain during psychosocial stress or (2) that the ovarian steroids may be necessary for cortisol to affect GNRH secretion. Therefore, the next set of experiments aimed to determine the influence of the ovarian steroids on these interactions. We demonstrated over a series of experiments using the artificial follicular phase model that only in the presence of oestradiol will cortisol suppress both LH and GNRH pulse amplitude and pulse frequency (Oakley et al. 2009a,b) . In the absence of gonadal steroids, cortisol is only sufficient to suppress LH pulse amplitude. The first of these experiments employed two groups of 12 ewes. One group was ovariectomized and deprived of ovarian steroids for 8 months, whereas the other group was ovariectomized and immediately treated with oestradiol and progesterone implants. The oestradiol and progesterone implants were removed and re-implanted at regular intervals, such that hormonal concentrations mimicked the normal oestrous cycle (Oakley et al. 2009a,b) . After 8 months, both groups of ewes were exposed to elevated cortisol for 29 h. In the ewes implanted with oestradiol and progesterone, cortisol exposure began 1 h before progesterone withdrawal. In ewes devoid of gonadal steroids, 29 h of cortisol exposure suppressed LH amplitude but had no effect on LH pulse frequency. In the ewes that were maintained in the artificial oestrous cycle, 29 h of cortisol exposure decreased LH pulse amplitude and reduced LH pulse frequency. These experiments indicated that oestradiol is necessary for cortisol to suppress LH pulse frequency and indicated that the effect of cortisol on LH secretion varies with the reproductive state of the animal. These first experiments did not, however, indicate whether this effect was mediated at the pituitary by decreasing sensitivity to GNRH or at the hypothalamus by reducing GNRH pulse amplitude or frequency. This protocol was therefore repeated with the addition of portal sampling to measure GNRH pulse dynamics in concert with LH (Oakley et al. 2009a) . This experiment showed that in ewes devoid of gonadal steroids, there was no effect of cortisol on GNRH. However, in ewes maintained in the artificial follicular phase, cortisol decreased GNRH pulse amplitude and reduced the GNRH pulse frequency as well as suppressed LH pulse amplitude and reduced LH pulse interval. This confirmed that gonadal steroids were necessary for cortisol to suppress LH pulse frequency and LH pulse amplitude. This combination of experiments demonstrated that in order for cortisol to reduce both LH pulse amplitude and LH pulse frequency, it must act at the pituitary to decrease sensitivity to GNRH and, at the same time, act at the hypothalamus to suppress GNRH pulse amplitude and reduce GNRH pulse frequency. The presence of the gonadal steroids is thus necessary for cortisol act at the hypothalamic level to suppress GNRH secretion.
In summary, cortisol can suppress tonic LH secretion by reducing the sensitivity of the pituitary to GNRH and by suppressing GNRH secretion from the hypothalamus. Cortisol in all cases is sufficient and necessary to suppress tonic LH secretion by reducing the sensitivity of the pituitary to GNRH and this manifests as a reduction in the amplitude of LH pulses. Antagonism of the type II glucocorticoid receptor does not entirely attenuate the suppressive effects of stress on GNRH secretion and this suggests that cortisol is sufficient but not unambiguously necessary for stress to suppress LH secretion by acting within the brain to suppress GNRH. The presence of gonadal steroids is necessary for cortisol to act at the level of the hypothalamus, but the exact mechanism responsible for this interaction remains elusive. Furthermore, under psychosocial stress, antagonism of the type II glucocorticoid receptor does not block the effect of cortisol on LH suppression, again indicating that there are factors other than cortisol that act in the brain, perhaps in the hypothalamus, to suppress LH secretion via the suppression of GNRH secretion. In all cases, cortisol is sufficient to suppress tonic LH secretion; however, there are stressful conditions in which cortisol may not be necessary to suppress LH secretion.
Although the exact mechanisms that mediate the effect of cortisol on GNRH secretion within the hypothalamus are yet to be determined, two likely neuronal populations have emerged as candidates. These are gonadotrophininhibiting hormone (GnIH) neurons of the dorsomedial hypothalamus and KNDy neurons in the hypothalamic arcuate nucleus. GnIH was first identified for its suppressive effects on reproductive processes in avian species (Bentley et al. 2008 ) and was proposed as a possible mediator of the effects of stress on reproduction (Bentley et al. 2008 . Despite the mammalian homologue of GnIH, RF-amiderelated peptide-3 (RFRP-3) being effective in suppressing GNRH and LH in sheep (for review Papargiris & Tilbrook 2010) , we showed that RFRP-3 is not a mediator of the inhibitory effects of psychosocial stress on LH secretion in ewes (Papargiris et al. 2011a) . However, KNDy neurons have been shown to play a central role in the neuroendocrine control of reproduction (Goodman et al. 2007 , Lehman et al. 2010a ) and may well be the prime candidate to mediate the effect of cortisol on pulsatile LH secretion. This possibility is discussed in the "KNDy cells: mediators of the effects of cortisol on reproduction?" section. 
Role of cortisol in influencing the impact of stress on surge secretion
There is no doubt that other potential targets for stress to affect reproduction in females are the mechanisms driving the GNRH/LH surge that induces ovulation. A blocking or blunting of the preovulatory surge will result in abolition of ovulation or a delay in ovulation such that fertilization may not take place because spermatozoa are not deposited optimally relative to the presence of a secondary oocyte. Indeed, Moberg proposed that the likely effect of stress on female reproduction would depend on the stage of the reproductive cycle when the stress occurred (Moberg 1987) . Although this hypothesis has not been rigorously tested in all species, it stands to reason that stress in the late follicular phase is more likely to interfere with the GNRH/LH surge and thereby affect ovulation than if this was to occur early in the follicular phase or in the luteal phase. There is certainly evidence that uncoupling neuroendocrine and ovarian events can affect reproduction. For example, delaying the LH surge in cattle by 11 h impaired early embryonic development (van de Leemput et al. 2001) and increased the length of oestrous cycle of the rat to 6 days, decreasing fertilization and implantation rates and increasing chromosomal abnormalities (Butcher et al. 1969 , Butcher & Fugo 1967 . These findings highlight the importance of understanding the effects of stress on the preovulatory GNRH/LH surge. There have been many studies in a range of species to show that various stressors interfere with the LH surge and these have been extensively reviewed (Dobson & Smith 2000 , Smith & Dobson 2002 , Tilbrook et al. 2002 , Turner et al. 2002a , 2005 , Breen & Karsch 2006b , Dobson et al. 2012 . These stressors include (1) transportation that delays or attenuates the LH surge in sheep and cows (Dobson 1987 , Nanda et al. 1990 , Dobson et al. 1999 , (2) injection of insulin that delayed the LH surge in ewes (Saifullizam et al. 2010) , (3) metabolic stress caused by caloric restriction that can disrupt and stop oestrous cycles in ewes (Wagenmaker et al. 2010) , (4) restraint that can block the preovulatory surge in rats (Roozendaal et al. 1997a,b) and (5) immune/inflammatory stress that suppresses pulsatile LH secretion during the preovulatory period in sheep (Battaglia et al. 2000) and delays or blocks the LH surge in follicular phase ewes, cows and monkeys (Peter et al. 1989 , Xiao et al. 1998 , Battaglia et al. 2000 . With respect to immune stress, endotoxin was shown to disrupt the oestradiol-induced LH surge in ovariectomized ewes by interfering with the early activating effects of the oestradiol signal (Battaglia et al. 1999) and by acting centrally to suppress the secretion of GNRH (Breen et al. 2004a) . These actions do not require prostaglandins, which are necessary to suppress the GNRH pulses (Breen et al. 2004a) , suggesting that some other mediator is involved. Despite the findings of these studies, we have also found that repeated exposure to various acute psychosocial stressors during a single follicular phase or over two oestrous cycles in the ewe did not alter the incidence, timing, amplitude or duration of the LH surge (Wagenmaker et al. 2010) . This may suggest that the oestrous cycle of the ewe is remarkably resistant to acute bouts of psychosocial stress, similar to that of the female pig (Turner et al. 2002a ). However, it may also highlight the importance of the severity of the stressor, given the other findings cited above. In keeping with the theme of this review, it is pertinent to consider that glucocorticoids may be involved in stress-induced inhibition of the preovulatory GNRH/LH surge.
The extent to which the impact of stress on surge secretion is due to cortisol is not well appreciated. The approaches used to address this have largely considered the LH surges following treatment with natural or synthetic glucocorticoids. The results of these treatments indicate that glucocorticoids are sufficient to interfere with the LH surge but they do not address the issue of necessity and this remains an area requiring research. In pigs, a sustained elevation of cortisol inhibited the LH surge, oestrus and ovulation (Turner et al. 1999) , and in rats, the synthetic glucocorticoid dexamethasone blocked the LH surge (Baldwin & Sawyer 1974 , Baldwin 1979 . Furthermore, cortisol was implicated as having disruptive effects on preovulatory events in ewes that were infused with this steroid during the early-to-midfollicular phase (Breen et al. 2005) . The levels of cortisol achieved were one third, half or the maximal value induced by isolation, and the effects were to attenuate the high-frequency LH pulses typical of the preovulatory period, prevent or delay the follicular phase oestradiol rise, and delay or block the LH and FSH surges (Breen et al. 2005) .
These findings led us to conduct two further studies to explore the actions of cortisol to inhibit the LH surge in ewes, and both studies demonstrated that cortisol can interfere with the positive feedback effects of oestradiol to generate an LH surge (Wagenmaker et al. 2009 ). Both studies used an artificial follicular phase model (Goodman et al. 1981 , Clarke et al. 1989 , Moenter et al. 1990 , Breen et al. 2004a in which ovariectomized ewes were treated with progesterone and oestradiol to induce artificial oestrous cycles. Cortisol was infused i.v. resulting in plasma concentrations twice (Pierce et al. 2009a ) or 1.5 (Wagenmaker et al. 2009 ) times the concentrations achieved from treatment with endotoxin and both treatments resulted in a delay of the LH surge and a reduced amplitude of the surge. In one of these studies, we showed that these effects occurred in both the breeding and non-breeding season with the delay in the LH surge being more pronounced in the nonbreeding season (Pierce et al. 2009a) . Furthermore, in this study, cortisol reduced the incidence of the LH surge, with surges being absent in 7/18 ewes (Pierce et al. 2009a) . In contrast, in our other study, we found no effect of cortisol on the incidence of the LH surge www.reproduction-online.org (Wagenmaker et al. 2009 ). The reasons for the divergent findings are not clear but may be due to the differences in the concentration of plasma cortisol achieved with the treatments in the respective studies and may suggest that cortisol will only block or prevent the LH surge in extreme cases. Indeed, the pattern and extent of elevated circulating cortisol seems important because repeated acute elevations of cortisol in the blood did not affect the LH surge in gilts, whereas a sustained elevation of cortisol did (Turner et al. 1999) . Nevertheless, it is clear that chronic elevations of cortisol interfere with the positive feedback actions of oestradiol to induce the GNRH/LH surges. The mechanisms for these inhibitory effects of cortisol on the surge are not clear but are likely to be multiple in number. The delay in the LH surge caused by cortisol probably reflects an action on GNRH secretion because oestradiol induces a large surge of GNRH in the artificial follicular phase model (Moenter et al. 1990) and this is essential to initiate an LH surge. The actions of cortisol to inhibit GNRH are likely to be indirect because GNRH neurons in the ewe do not contain type II glucocorticoid receptors (Dufourny & Skinner 2002a) . This clearly suggests that other interneuronal pathways are involved but these have hitherto not been identified. Reductions in the amplitude of the LH surge by cortisol (Wagenmaker et al. 2009 , Pierce et al. 2009a suggest that cortisol may also act on the anterior pituitary to inhibit response to GNRH in the ewe (Breen & Karsch 2004 , Breen et al. 2008 , Pierce et al. 2009b ). This supports findings in rats where glucocorticoids were found to disrupt the oestradiol-induced LH surge in response to exogenous GNRH (Baldwin 1979 ) and transport stress has been shown to have a similar effect in ewes (Phogat et al. 1999) . Nevertheless, reductions in the amplitude of the LH surge may be due to reductions in the GNRH stimulus, which means that there is a need to delineate hypothalamic and pituitary effects of cortisol. Clearly, the mechanisms by which cortisol acts within the hypothalamus and anterior pituitary to suppress the secretion and actions of GNRH to induce gonadotrophin surges requires substantial investigation.
Although it is apparent that cortisol has the capability of suppressing the GNRH/LH surge, its physiological relevance remains to be determined. As our studies with sheep (Wagenmaker et al. 2009 ) used a cortisol infusion that was based on a treatment with endotoxin that disrupted the LH surge in the artificial follicular phase model (Battaglia et al. 1999) , it is likely that cortisol contributes to disruption of the positive feedback effects of oestradiol in response to this severe immune/inflammatory stress. This possibility is supported by the finding that the detrimental effects of endotoxin on the oestradiolinduced LH surge are not mediated by prostaglandins, which, as mentioned above, are mediators of the effects of immune/inflammatory stress on the pulsatile secretion of GNRH and LH (Rivest & Rivier 1993 , Harris et al. 2000 . Nevertheless, caution needs to be exercised in extending this interpretation to other less severe stressors, such as transport, that induce smaller and briefer elevations in cortisol concentrations. Fundamentally, there is a need for research to firmly establish the extent to which cortisol is an essential mediator of the stress-induced disruption of the GNRH/LH surge. Furthermore, the biological relevance of inhibitory effects of cortisol on the surge needs to be determined. Possibilities may include an adaptive value of reducing the prospect of pregnancy in animals with infectious or immune/inflammatory disease or with adrenal disorders in humans that have chronically elevated cortisol (e.g. Cushing's disease), thereby allowing portioning of metabolic energy in a manner that optimizes survival. These hypotheses have yet to be tested.
Role of cortisol in influencing the impact of stress on sexual behaviour
Research on the impact of stress on sexual behaviour has received far less attention than the impact of stress on other aspects of reproduction, especially those involving endocrine and neuroendocrine events. A corollary of this is that the mechanisms and mediators of the actions of stress on sexual behaviour, and the involvement of cortisol particularly, are not well understood. This is not only because there has been less research on stress and sexual behaviour but also because the research has been less detailed. For example, with sheep, most studies on the effects of stress and cortisol on behaviour have focussed only on the incidence or timing of oestrus, which is the phase of the reproductive cycle in which ewes are sexually receptive to rams and will display the sexual behaviour that is necessary for copulation. Generally, the detailed components of sexual behaviour have not been considered. Thus, thermal stress was found to reduce sexual behaviour (Maurya et al. 2005) and disrupt the timing of oestrus (Doney et al. 1973 ) and transportation stress prevented oestrus (Ehnert & Moberg 1991) . In contrast, injection of ewes with insulin, which was used as an acute stressor, had no effect on the timing or frequency of various sexual behaviours (Saifullizam et al. 2010) , possibly highlighting the importance of different types of stressors. Moreover, treatment with dexamethasone or stress-like levels of cortisol delayed oestrus (Ehnert & Moberg 1991 , Macfarlane et al. 2000 . Similar approaches have been used in other domestic and laboratory species. Nevertheless, we extended this research using sheep to investigate the detailed effects of stress and cortisol on the specific aspects of sexual behaviour that are essential for successful mating under natural conditions (Pierce et al. 2008) . These features of sexual behaviour are attractivity, proceptivity (or R7 www.reproduction-online.orgproceptive behaviour) and receptivity (or receptive behaviour) that were defined by Beach (Beach 1976 , Papargiris et al. 2011b and have been applied to many species, including sheep (Fabre-Nys 1983, Tilbrook et al. 1990 , Fabre-Nys & Martin 1991a ,b, Fabre-Nys et al. 1993 , Fabre-Nys & Gelez 2007 .
Attractivity is the stimulus value of the female in evoking sexual responses by the male. Proceptivity consists of appetitive activities by the female to initiate and maintain sexual interaction. Receptivity comprises behaviours by the female necessary and sufficient for copulation with a fertile male and is often referred to as the consummatory phase of sexual interaction (Beach 1976) . The levels of attractivity (Pierce et al. 2008 , Papargiris et al. 2011b , proceptivity and receptivity increase as the female approaches oestrus and they are maximal during oestrus (Tilbrook et al. 1990 , Pierce et al. 2008 , Papargiris et al. 2011b . Although these characteristics and their temporal changes apply to all healthy female livestock, there are individual differences between females in expression and levels of sexual behaviours that make this a challenging area to research. A clear example is individual differences in sexual "attractiveness" of ewes that influence their chances of being successfully mated (Tilbrook 1987a ,b, Tilbrook & Lindsay 1987 , Tilbrook & Cameron 1989 and there are also likely to be differences among individuals in other aspects of sexual behaviour. There is an endocrine basis for the control of attractivity, proceptivity and receptivity with oestradiol playing an essential role in most species. In sheep, it is well understood that oestradiol is vital to stimulate oestrus following a period of progesterone priming (Robinson 1954 , Blache et al. 1991 . The importance of oestradiol has been clearly demonstrated in sheep in which the dose administered to ovariectomized ewes can influence the onset and duration of oestrus, with an increasing dose resulting in a quicker onset and longer duration (Lindsay 1966b , Scaramuzzi et al. 1971 , Lindsay & Fletcher 1972 , Fabre-Nys & Gelez 2007 , Papargiris et al. 2011a . Although the actions of oestradiol to influence attractivity have not been investigated, it is clear that proceptivity and receptivity are regulated by the actions of oestradiol in the mediobasal hypothalamus/ ventromedial hypothalamic regions and the medial preoptic area (Herbison et al. 1993 , Lehman et al. 1993 , Blache et al. 1994 , Scott et al. 2000 , Tanaka et al. 2003 .
We have examined the effects of psychosocial stress and cortisol on attractivity, proceptivity and receptivity in ewes using a well-characterized model in which ovariectomized ewes are artificially induced into oestrus (Pierce et al. 2008 , Papargiris et al. 2011b . This model is composed of intramuscular injection of ovariectomized ewes with 20 mg progesterone every 48 h for 12 days followed by an intramuscular injection of oestradiol benzoate 48 h after the final injection of progesterone (Tilbrook et al. 1990) . If a dose of 25 µg oestradiol benzoate is used, it will reliably induce oestrus in all ewes with an expected onset of oestrus 16-18 h after injection and an expected duration of oestrus of 24-26 h (Tilbrook et al. 1990 ). As indicated above, both the onset and duration of oestrus can be altered by varying the dose of oestradiol benzoate. We conducted a series of experiments using this model in which the layered stress paradigm was imposed, or cortisol was infused to achieve stress-like plasma concentrations of cortisol, and measured sexual behaviour (Pierce et al. 2008) . Stress reduced the attractivity and proceptivity of the ewes but had no effect on receptivity. In contrast, cortisol delayed the onset of oestrus and induced moderate avoidance behaviour in ewes, indicating reduced receptivity, but had no effect on attractivity and proceptivity (Pierce et al. 2008) . Subsequently, the effects of cortisol were investigated in more detail revealing that both a long infusion (40 h) and a short infusion (5 h) of cortisol around the time of the injection of oestradiol benzoate inhibited receptivity but had no effect on attractivity or proceptivity of ewes. These results, together with dose studies, indicated that the effect of cortisol was to suppress the actions of oestradiol to induce receptivity (Pierce et al. 2008 , Papargiris et al. 2011b . Hence, both psychosocial stress and cortisol suppress sexual behaviour in ewes but the specific effects and consequently the mechanisms of action differ. Stress suppresses the ability of ewes to attract rams (attractivity) and sexual motivation (proceptivity), whereas cortisol suppresses behaviour necessary for copulation (receptivity). Consequently, as psychosocial stress activates the HPA axis with a resultant increase in the synthesis of cortisol, it appears that cortisol is not the major mediator of the effects of psychosocial stress on sexual behaviour in ewes.
Despite these detailed studies, the mechanisms by which psychosocial stress inhibits sexual behaviour in females remain largely unknown and the mediators have not been conclusively identified, although a number of candidates exist. The task of identifying mechanisms for an impact of stress on attractivity is perplexing because little is known about the regulation of attractivity per se. It appears that stress impairs the release of stimuli from the female, which attract and evoke sexual responses in the male. These include both visual and olfactory cues (Fletcher & Lindsay 1968 , Beach 1976 . Olfactory cues, in particular, play a key role. For example, rams prefer and are more sexually stimulated by ewes that have not been shorn, and it has been suggested that some components of the sexual "attractiveness" of the ewe, such as olfactory cues, are associated with her wool (Tilbrook 1987b , Tilbrook & Cameron 1989 . It is possible that stress reduces olfactory stimuli provided by ewes to rams, or interferes with the central processing of that information (Pierce et al. 2008 , Pierce et al. 2009a , Papargiris et al. 2011b . Nevertheless, the mechanisms by which this might occur are unknown. A little more is known about the regulation of proceptivity, which provides more possibilities for mediators of the impact of stress on this component of sexual behaviour. Several neurotransmitters have been implicated in the regulation of proceptivity that may be affected by stress. In ewes, treatment with an antagonist of norepinephrine suppressed proceptivity with little effect on receptivity (Fabre-Nys et al. 1994) ; however, antagonism of norepinephrine in the mediobasal hypothalamus enhanced proceptive behaviour (Fabre-Nys et al. 2003) . Norepinephrine has also been shown to increase transiently during sexual receptivity and following periods of sexual interactions with a male (Fabre-Nys et al. 1997) . Interestingly, stress increases central norepinephrine concentrations in sheep (Turner et al. 2002b) . Noradrenaline, but not neuropeptide Y, is elevated in cerebrospinal fluid from the third cerebral ventricle following audio-visual stress in gonadectomized rams and ewes (Turner et al. 2002b) ; however, the impact of this on sexual behaviour has not been investigated. There is evidence that serotonin and γ-aminobutyric acid inhibit oestrous behaviour in rodents and sheep (Ågmo et al. 1989 , Mendelson 1992 , Turner et al. 2002b , Fabre-Nys & Gelez 2007 ; however, their possible roles as mediators of the effects of stress on sexual behaviour in other species have not been investigated. GNRH and oxytocin have been implicated as regulators of sexual behaviour in many species, including sheep (Fabre-Nys et al. 1997), but again their possible roles as mediators of the effects of stress are not known. An antagonist of GNRH reduced receptivity in ovariectomized ewes treated with progesterone and oestradiol (Caraty et al. 2002) ; however, it is unknown whether GNRH influences proceptivity or whether stress affects the actions of GNRH on the regulation of proceptivity and receptivity. It is important to establish the mechanisms by which stress inhibits attractivity and receptivity because suppression of these components of sexual behaviour will jeopardize the chances of successful reproduction under natural conditions. Indeed, it is plausible that this effect of stress may be of greater importance than effects on the reproductive hormones for successful reproduction of sheep under natural conditions. This is because inhibition of attractivity and proceptivity could potentially mean that males and females never associate with copulate. Research on sheep has clearly shown that both parameters are important in determining the chances of a ewe being mated. For instance, the ability of ewes to attract rams under natural conditions affects their chances of being mated , and the motivation of the ewe to seek the ram is vital to maximize the chances of successful mating. Ewes will make physical contact with rams (Banks 1964) , seek out rams (Hafez 1951 (Hafez , 1952 , mate with tethered rams (Inkster 1957a , Lindsay & Robinson 1961 , Lindsay & Fletcher 1972 , Allison & Davis 1976 , compete with other ewes for the attention of rams (Inkster 1957a ,b, Lindsay & Robinson 1961 , Lindsay 1966a , van der Westhuysen 1971 , Tomkins & Bryant 1972 ) and actually initiate a sexual episode during oestrus (Banks 1964 , Tomkins & Bryant 1972 . Nonetheless, although it is clear that psychosocial stress reduces both the ability of ewes to attract rams and the motivation of ewes to solicit rams and to initiate and maintain sexual interactions, the actual impact of this on reproductive success needs to be quantified and the research needs to be extended to other species.
Although cortisol may not be a major mediator of the effects of psychosocial stress on sexual behaviour in females, the actions of cortisol to suppress receptivity also have important implications for the success of reproduction, at least in sheep. As indicated above, at least one important effect of cortisol is to inhibit the actions of oestradiol to stimulate receptivity (Papargiris et al. 2011b) ; however, the means by which cortisol achieves this have not been determined. Cortisol may act within the mediobasal hypothalamus/ ventromedial hypothalamic regions and the medial preoptic area where oestradiol acts because there are type II glucocorticoid receptors in these brain regions in the ewe (Dufourny & Skinner 2002b) . Interestingly, cortisol acts to inhibit the oestradiol signal to induce both receptivity (Papargiris et al. 2011b ) and the LH surges (Wagenmaker et al. 2009 , Pierce et al. 2009a , suggesting a commonality in the mechanisms. This may involve suppression of the secretion and/or actions of GNRH as it induces the LH surge (Moenter et al. 1990 ) and stimulates receptivity (Caraty et al. 2002) . As discussed in section "KNDy cells: mediators of the effects of cortisol on reproduction?", such actions of cortisol would not be directly on GNRH neurons but would involve interneurons that provide afferent input to GNRH neurons, such as KNDy cells. This is unquestionably an area requiring research.
The divergent findings between the effects of psychosocial stress and cortisol on sexual behaviour, especially receptivity, pose the intriguing question of the physiological relevance of the actions of cortisol on sexual behaviour. Are the experimental findings relevant to every day challenges that animals might face? First, it must be recognized that the studies discussed above concerned only one category of stressor, psychosocial stress, which raises the possibility that cortisol may be an important mediator of the effects of other stressors. Different physiological conditions affect stress responses differently as well as the consequences of these stress responses (Tilbrook & Clarke 2006) . Secondly, as indicated in the introduction, in addition to stress-induced increases in glucocorticoids, there are clinical conditions in which the concentrations of glucocorticoids are pathologically high, and this is associated with reproductive dysfunction. Furthermore, the research above has been largely done with sheep and the relevance to other species is unknown. This underscores the need to fully appreciate how cortisol affects sexual behaviour in females.
KNDy cells: mediators of the effects of cortisol on reproduction?
It is apparent from the forgoing discussion that cortisol may inhibit reproductive processes through suppression of GNRH secretion and actions and that the type II glucocorticoid is involved, at least at the level of the anterior pituitary. Suppression of GNRH secretion will clearly result in inhibition of downstream endocrine events that are required for follicular development and ovulation. It is also likely that these actions will impair sexual receptivity. As indicated above, if the type II glucocorticoid receptors are involved in the central actions of cortisol to suppress GNRH secretion, the action must be via interneurons that contain the receptor and relay to GNRH neurons because GNRH neurons do not express the type II glucocorticoid receptors (Dufourny & Skinner 2002a) . One strong candidate is the population of KNDy neurons in the arcuate nucleus of the hypothalamus because they do contain type II glucocorticoid receptors, project to GNRH neurons and are involved in the regulation of GNRH secretion (Lehman et al. 2010a , Goodman & Lehman 2012 , Goodman et al. 2014 .
As noted in the Introduction, KNDy cells are named for the three neuropeptides they express, kisspeptin (KISS), neurokinin B (NKB) and dynorphin (DYN), each of which has been implicated in the control of GNRH secretion in the ewe and other species (Goodman & Lehman 2012) . Kisspeptin is a powerful secretagogue for GNRH in many mammalian species including human, monkey, sheep, rat, mouse, hamster, goat and horse (Lehman et al. 2010b) . The involvement of KISS in GNRH secretion was first recognized from studies of patients with hypogonadotrophic hypogonadism (De Roux et al. 2003 , Seminara et al. 2003 . These patients had a mutation in the KISS receptor (GPR54, now KISS1R) gene and were characterized by delayed or impaired onset of puberty, impaired gonadotrophin production and infertility. Similarly, the role of NKB was realized when individuals with a similar clinical presentation of hypogonadotrophic hypogonadism were shown to have a mutation in either the gene that encodes NKB or its receptor (NK3R) (Guran et al. 2009 ). These studies suggested that NKB and KISS had a stimulatory role in GNRH secretion and that each was critical for normal sexual development and the onset of puberty. Earlier work in sheep had indicated that the endogenous opioid peptide DYN mediates the negative feedback effect of progesterone on GNRH secretion (Goodman et al. 2004 , Foradori et al. 2005 . This hypothesis has since been extended to other species primarily through studies in which antagonism of the DYN receptor evokes inhibition of LH secretion (Navarro et al. 2009 , Wakabayashi et al. 2010 . Kisspeptin neurons are primarily located in the arcuate nucleus of the hypothalamus and the preoptic region, with smaller populations found in the amygdala and other regions. The KISS neurons found in the arcuate nucleus are unique in that they co-express DYN and NKB, and, unlike GNRH neurons, nearly all of them co-express gonadal steroid receptors, including those for progesterone, oestrogen and testosterone. KNDy cells have axons that directly synapse onto GNRH neurons or their processes (Lehman et al. 2013 , Han et al. 2015 and by way of these contacts are thought to play a major role controlling GNRH secretion.
There is substantial evidence to support a key role for KNDy cells and their peptides in the feedback effects of oestradiol and progesterone on GNRH secretion (reviewed by Goodman et al. 2014) . The dependence of the inhibitory effects of cortisol in the follicular phase on oestradiol, and its similarity to the inhibitory effects of progesterone during the luteal phase (Oakley et al. 2009b) , suggests that the neural system responsible for the inhibitory influence of cortisol overlaps at a cellular level with that of oestradiol and progesterone. KNDy cells are a likely site for the convergence of these signals, as the vast majority of them co-localizes oestrogen receptor (ER)-alpha, the isoform of ER responsible for negative feedback, as well as the progesterone receptor (Lehman et al. 2010a ). In addition, pilot work using dual immunofluorescence suggests that KNDy cells (using DYN as a marker) in the middle ARC contain type II GR, thus indicating that they are potential targets for the direct action of cortisol, as well as oestradiol and progesterone.
As described above, exposure to psychosocial stress can result in a delayed and attenuated LH surge, anovulation, attenuated pulse amplitude and increased pulse frequency and suppression of sexual behaviour. Using a sheep model of neuroendocrine defects resulting from prenatal exposure to excess testosterone (Salloum et al. 2012 ), Cheng et al. (2010 showed that impaired E2-positive feedback, evidenced by delayed LH surge, and decreased progesterone-negative feedback, evidenced by increased pulse frequency, were correlated with a decrease in NKB and dynorphin, but not kisspeptin, in KNDy cells. In addition, exposure to prenatal testosterone resulted in decreased NK3R co-localization in KNDy cells (Ahn et al. 2015) . These data support the hypothesis that deficits in tonic and surge secretion of LH are underpinned by altered KNDy cell function. As KNDy cells contain type II glucocorticoid receptors and are mediators of GNRH secretion under normal circumstances as well as in animal models of reproductive disease, it is tempting to speculate that KNDy cells also mediate the effects of stress on GNRH secretion.
Thus, one possibility is that the inhibitory effects of cortisol on GNRH secretion are due to alterations in the expression of KNDy peptides and their ultimate influence on the activity of GNRH neurons. In preliminary work, we have found that stress-like levels of cortisol, capable of reducing pulse frequency during the follicular phase, also significantly increase mRNA levels of one of the three KNDy peptides, DYN. Specifically, we found an increase in the number of preprodynorphin (PPD) mRNA-containing cells, and the mRNA content (silver grains) per cell, in the arcuate nucleus of cortisol-treated ewes compared with controls (M Lehman, unpublished observations). Interestingly, these changes were seen in KNDy cells of the middle but not caudal division of the arcuate nucleus, which correlates with preliminary data indicating regional differences in the co-localization of type II glucocorticoid receptor. We have seen similar increases in the number of DYN-immunoreactive neurons in the middle, but not caudal, arcuate nucleus of cortisol-treated ewes using the same model (A Oakley, L Coolan and M Lehman, unpublished observations). An increase in DYN mRNA and peptide within KNDy cells would lead to the inhibition of this population via its reciprocal interconnections, and a decreased release of its stimulatory output (KISS) onto GNRH cells. It may be that cortisol also produces decreases in NKB and/or KISS contributing to an overall net inhibition of GNRH secretion. These possibilities need to be explored and, based on evidence of a cortisol-induced increase in DYN, research should also determine whether intracerebral delivery of a DYN (kappa opioid) antagonist is able to block the inhibitory effects of cortisol on GNRH pulses. In addition to establishing the role of KNDy neurons in mediating the effects of cortisol on reproduction at the level of the brain, it would also be worthwhile to determine whether the central actions of psychosocial stress on GNRH secretion involve the KNDy cells.
Conclusion
It is clear that cortisol is necessary for psychosocial stress to inhibit some, but not all, aspects of reproduction in female sheep. These actions vary with reproductive state, and there are important interactions between cortisol and gonadal steroids. The impact of the stressinduced actions of cortisol have been most extensively investigated with respect to the tonic secretion of GNRH and LH, whereas effects on surge secretion and sexual behaviour have received less attention and less is known. Our research with sheep, using a combination of robust models that allow control of the reproductive cycle, delineation of sites of action within the reproductive axis and quantification of the effects of stress, have demonstrated when cortisol is sufficient to suppress the tonic secretion of reproductive hormones and when it is necessary to relay the effects of psychosocial stress. Although this represents a substantial advancement in our understanding of the mechanisms by which stress inhibits tonic secretion of GNRH and LH in females, whether cortisol is sufficient or necessary for stressinduced inhibition of surge secretion and/or sexual behaviour remains to be determined. These are areas requiring further rigorous research. Furthermore, research is required to establish the impact of psychosocial stress on reproduction in conditions when cortisol is not a mediator, or not a necessary mediator, of these effects.
During psychosocial stress, in the absence of gonadal steroids, cortisol is both sufficient and necessary to suppress tonic LH secretion through a reduction in the sensitivity of the anterior pituitary to GNRH, and this effect is mediated via type II glucocorticoid receptors. In contrast, cortisol does not have actions in the brain to suppress GNRH secretion in the absence of gonadal steroids. In the presence of gonadal steroids, however, cortisol suppresses GNRH secretion through actions in the hypothalamus (in addition to its effects at the pituitary; Fig. 1 ). These interactions between gonadal steroids and cortisol will likely have important roles in influencing the impact of stress on the secretion of GNRH and LH in different reproductive states. Figure 1 Suggested mechanisms of action of psychosocial stress on the pulsatile secretion of GNRH and LH in females. Psychosocial stress has suppressive actions at the hypothalamic and pituitary levels, which is mediated via cortisol in some reproductive states. We hypothesize that cortisol acts in the brain via type II glucocorticoid receptors (GR) located in the KNDy cells of the arcuate nucleus to increase dynorphin and/or decrease kisspeptin and neurokinin B. These changes lead to an increased inhibition of gonadotrophinreleasing hormone (GNRH) neurons and their pulsatile secretion, as well as the GNRH surge, ultimately resulting in the inhibition of sexual behaviour (not shown in figure) and ovulation. Although it is clear that stress can negatively affect the surge secretion of GNRH and the gonadotrophins, the extent to which this is due to cortisol remains to be fully elucidated. Nevertheless, both stress and chronic elevations of cortisol interfere with the positive feedback actions of oestradiol to induce the GNRH/ gonadotrophin surges. Experimental findings have consistently shown that cortisol can delay the LH surge and reduce the amplitude of the surge; however, there are inconsistencies in the extent to which cortisol inhibits the incidence of the LH surge and in the effect of season on these actions. Furthermore, acute psychosocial stress does not always alter the incidence, timing, amplitude or duration of the LH surge. Therefore, in addition to the need to establish the extent to which cortisol relays the effects of stress on surge secretion, there is also a requirement to understand the importance of the type and severity of stressor.
Psychosocial stress clearly inhibits sexual behaviour in female sheep, but cortisol does not appear to be its significant mediator. Stress suppresses attractivity and proceptivity, but cortisol has no effect on these aspects of sexual behaviour. Exogenous cortisol suppresses receptivity but the biological significance of this is not known. As stress activates the HPA axis and increases the secretion of cortisol, an effect of cortisol on attractivity and proceptivity would be expected if it was a principal mediator of the effects of stress on sexual behaviour. The mediators of stress on sexual behaviour have not been determined. However, there is evidence to suggest that there may be value in exploring the roles of various neurotransmitters including norepinephrine, serotonin and γ-aminobutyric acid. Furthermore, the role of GNRH in the regulation of receptivity and the impact of stress on this should be examined.
The central actions of cortisol during stress to inhibit GNRH secretion in female sheep, whether during tonic or surge secretion, must be indirect, involving neuronal populations that provide input to GNRH neurons because there are no type II glucocorticoid receptors on GNRH neurons. KNDy cells are likely candidates for this population, but this hypothesis remains to be rigorously tested (Fig. 1) . Finally, as there are stressful conditions in which cortisol may not be necessary to inhibit reproduction in females, other factors that mediate the effects of stress on reproduction in females are yet to be identified.
The advancement in knowledge articulated in this review has important implications for the fields of reproductive biology and stress. There is an opportunity to translate these findings to the management of reproductive fitness in humans, domestic and endangered species, as well as animal welfare. With respect to humans, the sheep may well be a better model for stressed-induced infertility than rodents because the neuroendocrine control of reproduction in sheep more closely parallels this control in humans. We now have a platform upon which to launch research to overcome the impact of excessive cortisol synthesis on the aspects of female human reproduction such as menstrual cycles, ovulation, fertility and psychosexual function.
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